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OVERVIEW AND MOTIVATION
Much of the work in which people are engaged today involves extensive use of data and/or information. 1 We use information to make sense of and solve complex ecological problems, to predict and forecast natural disasters and weather conditions, to make evidence-based health and medical decisions, to identify and analyze trends in financial markets, to learn about mathematical and scientific phenomena, and even to plan and organize our social lives. The proliferation of information-based tasks and activities has led to increased interest in investigating the generation, storage, organization, use, design, communication, flow, ecology, and sociotechnical aspects of information. This investigation is taking place across many fields and disciplines including, among others, data/ information/scientific visualization and visual analytics; information and graphics design; technical communication; library and information science; information systems; interaction design; instructional design; education; bio, health, and medical informatics; and human-computer interaction. Although these fields have distinct interests, some of their core concerns are similar. One common concern is how to effectively present relevant information to users.
2 A further concern lies in designing and implementing interaction mechanisms that allow users to work with the information-in other words, enabling a human-information interactive discourse-such that their tasks and activities are effectively supported.
3
In the context of using computational tools, interaction with information is somewhat of a misnomer. Users cannot directly access the underlying data or information that is within the tool; rather, information must be represented to make it perceptually accessible and available for use and interaction. Information can be represented so that it is accessible to different perceptual modalities, such as hearing (auditory/sonic representation), touch (haptic representation), vision (visual representation), smell (olfactory representation), and even taste (gustatory representation). In this book, however, we focus specifically on visual representations, which are often referred to simply as visualizations. Unless otherwise noted, the terms representation, visual representation, and visualization are used synonymously throughout the remainder of the book.
1 Throughout the book we mostly use the term information, and consider it to generally encompass data. The reader can think of them as interchangeable. Section 3.3 provides some analysis of these terms. 2 The term user will be used generically throughout the book to refer to any viewer, analyst, reader, stakeholder, scientist, actor, librarian, student, learner, and any other person that uses data or information. 3 We will use the terms tasks and activities interchangeably when it is not important to distinguish between them.
They are examined in greater detail in Chapter 6.
INTRODUCTION
In recent years, cognitive scientists have become increasingly aware of the important role of external representations (e.g., visual representations) in the tasks and activities that humans perform. There is now general agreement that external representations serve as fundamental components of cognitive functioning and behavior. Moreover, research has increasingly suggested that the interaction between internal and external representations is responsible for much of human intelligent behavior (Zhang and Norman, 1994; Hutchins, 1995; Kirsh, 2010) . For designers or researchers concerned with the use, communication, and design of-or interaction with-information, the manner in which information is represented requires careful consideration. Much research relevant to visual representation use and design has been conducted over the past couple of decades. This research comes from multiple domains including, but not limited to, data and information visualization, visual perception, cognitive psychology, statistics, semiotics, cognitive engineering, education, diagrammatic reasoning, infographics, human-computer interaction, and user interface design. From this research, a body of generally accepted design principles, guidelines, and heuristics has been developed (see, e.g., Agrawala et al., 2011; Few, 2004 Few, , 2009 Mackinlay, 1986; Munzner, 2015; Tufte, 1983 Tufte, , 1990 Ware, 2012; Wilkinson, 1999) . In addition to uncovering and developing principles and guidelines for design, numerous visualization types and techniques have been developed during this time (e.g., treemaps, parallel coordinates, streamgraphs, and heatmaps). These have joined a body of older, well-known representational types and techniques-such as scatterplots, bar graphs, and Venn diagrams-to constitute the space of known and established visualization techniques.
While a number of attempts have been made to categorize, taxonomize, and catalog visual representation forms and techniques in various ways (e.g., Aigner et al., 2011; Chi, 2000; Engelhardt, 2002; Harris, 1999; Heer et al., 2010; Li et al., 2015; Lima, 2011 Lima, , 2014 Lohse et al., 1994; Meirelles, 2013; Parsons and Sedig, 2013a; Tory and Möller, 2004) , it remains very difficult to capture all of them, as there are perhaps infinite ways of modifying and building on existing forms and techniques. Moreover, although such work is useful for organizing the design space, a catalog or taxonomy of techniques does not necessarily help designers generate visual representations in novel and creative ways. For example, in Meirelles (2013), visual representations are classified into the following six "structures": hierarchical structures: trees; relational structures: networks; temporal structures: timelines and flows; spatial structures: maps; spatio-temporal structures; and textual structures. While nicely classifying existing representations and describing some of their properties, these structures do not easily help designers understand what the basic, abstract "building blocks"are that can be used to generate the classified representations. Rather, designers have to begin the design process with the structures themselves in mind, which already suggests concrete forms and can make it difficult to think freely about generating new visual representations (Chapter 2 discusses this issue in more detail). Similarly, the other classifications, mentioned above, are directed more toward organizing the space of existing visualizations than toward helping designers systematically generate novel ones. In addition, the aforementioned contributions are primarily concerned with data/information visualization, and are not general enough to guide visualization design in other areas, such as education, knowledge management, business, and communication.
A common strategy among many designers is to simply use existing, familiar techniques, or to develop variations of them to fit their contextual needs. This strategy is appropriate in straightforward situations where, for example, a bar chart or scatterplot adequately represents the underlying data. In more complicated situations, however, this strategy may actually hinder creativity in the design process. Design frameworks, if well crafted, can alleviate such difficulties by guiding the thinking processes of the designer while still allowing for flexibility and creativity, and can also encourage reflective thinking about the design process itself. While there are a number of existing frameworks that provide support for thinking about different aspects of visualization design (e.g., Ainsworth, 2006; Burkhard, 2005; Card et al., 1999; Cheng, 2002; Chi, 2000; Hegarty, 2011; Javed and Elmqvist, 2012; Kosslyn, 2006; MacEachren, 1995; Munzner, 2009; Narayanan and Hegarty, 2002; Parsons and Sedig, 2013b; Tory and Möller, 2004; Wilkinson, 1999) , their function is not to help designers "start from scratch"-without any visualizations or techniques already in mind-to generate novel visualizations for information of all kinds and from various domains. 4 By providing a conceptual design framework that starts from abstract, general patterns of organizing information, this book attempts to address the aforementioned issue. Designers should be able to use this book to generate new visualizations for all types of information without relying solely on existing solutions to guide their thinking.
Multiple authors have written about the notion of a "science of visualization," or a "science of visual representation" over the past few decades (e.g., Cleveland and McGill, 1984; Rensink, 2013; Thomas and Cook, 2005; Ware, 2012) . Exactly what kind of science this would be remains unclear. However, an expectation that such a science would provide a systematic, coherent way of thinking about visualization use and design is clear and undisputed. In addition, that such a science should abstract from specific tools, techniques, and domains in order to focus on general principles, theories, and patterns is inherently necessary. We anticipate that this book will make a contribution to a general "science of visualization," in the sense that it presents a framework that supports systematic thinking about the design of visual representations in a manner that is general and not tied to any specific contexts. We hope that it will encourage a more systematic approach to the study and design of visual representations, and will inspire further discussion about what constitutes a science of visualization. In Chapter 2 we discuss our perspective on science and design in more detail.
4 By "starting from scratch," we mean more than just providing support for choosing visual encodings. In all but simple cases, visualizations are more than arbitrary collections of encodings or visual marks. Designers should be able to start from more abstract patterns of organizing information, and subsequently deal with more concrete issues such as visual encoding.
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While static visualizations are effective in supporting relatively simple human tasks, their efficacy wanes considerably when they are used to support complex tasks and activities, no matter how well they are designed (Dix and Ellis, 1998; Elmqvist et al., 2011; Kirsh, 2013; Morey et al., 2001; Pike et al., 2009; Sedig et al., 2003; Sedig and Morey, 2002; Sedig and Parsons, 2013; Tominski, 2015; Yi et al., 2007) . Providing interaction mechanisms so that representations can be adjusted to suit different users, tasks, levels of expertise, and other contextual factors, can increase their utility and better support complex tasks (Parsons and Sedig, 2013b) . In addition, there is considerable evidence to suggest that viewing multiple representations of the same underlying information can be beneficial in developing an accurate mental model of the phenomenon under investigation (Ainsworth, 2008; Baldonado et al., 2000; Kozma, 2003; Larkin and Simon, 1987; Roberts, 2007; Stenning and Oberlander, 1995; Sedig et al., 2005a) . Interaction mechanisms can allow users to view and work with multiple representations, and to convert them from one form or structure into another. Furthermore, researchers have demonstrated that interaction with representations can extend and enhance thinking processes in fundamental ways (e.g., Kirsh and Maglio, 1994; Sedig et al., 2001; Liang and Sedig, 2010b) . As cognitive processes are intrinsically temporal and dynamic, making representations interactive can potentially create a harmony and a tight coupling between them and the internal cognitive processes of the user (Brey, 2005; Clark, 1998; Kirsh, 1997; 2005; Sedig and Sumner, 2006) . While simple tasks can be performed perceptually (e.g., identifying an outlier in a set of dots), more complex tasks must be performed cognitively, requiring sustained, effortful cognitive processing of the relevant information. In such cases, interaction mechanisms can be essential to the effective prosecution of the task, as actions that a user performs can enhance cognitive processes in a number of different ways (see Sedig and Parsons, 2013) . Although this book can be used to design static representations for simple tasks, its real utility can be found when designing visualizations with interactive possibilities in mind-in other words, designing to support a human-information interactive discourse. This is especially true in contexts where interactive visualizations need to be designed to support complex activities with large and complex information spaces. This will be discussed more in Chapter 6.
In this book we present a framework for visualization design. The framework is made up of a number of elements that can function as conceptual tools during a design activity. The core of the framework is a pattern language-consisting of a set of 14 basic, abstract patterns-and a simple syntax for describing how the patterns are blended. We also present a design process, made up of four main stages, for creating static or interactive visualizations. The patterns that make up the core of our pattern language are basic, and can be thought of as letters of an alphabet. Using this metaphor, the pattern language describes how the combining and blending of these letters can result in the creation of words and sentences (i.e., visualizations). The 4-stage design process places the patterns at the core of the thinking of the designer, and employs a number of conceptual tools that help the designer think systematically about creating visualizations based on the information they intend to represent. In this process, the patterns-i.e., the letters-are used to generate visualizations-i.e., words, sentences, and paragraphs-to communicate information to the user. We will use this metaphor at various points throughout the book to explain and emphasize certain ideas.
AUDIENCE
The scope of this book is broad and may consequently be of interest to researchers, practitioners, and students in different fields. These fields include data/information visualization, visual analytics, scientific visualization, knowledge visualization, interaction design, human-computer interaction, digital humanities, information graphics, data/information science, biomedical and health informatics, digital libraries, education, and data journalism, among others. Although these aforementioned disciplines may have slightly different foci, their concerns often overlap insofar as they pertain to the design of visual interfaces, representations, and information presentation. Other disciplines that also share some of these concerns, such as technical communication and instructional design, may also find this book useful. This book is intended for those who are interested in generating novel visualizations. This covers a wide range of potential readers who come from different disciplines and have different backgrounds and skillsets. Some may be programmers who are interested in visualization design; some may be graphic designers who are interested in visualization design; some may be journalists who are interested in designing visualizations for news stories; and so on. This book is suitable for all such readers. Readers of this book are not required to have expertise in design, visualization, or other related fields-we have attempted to make the material accessible to those with all levels of expertise. The only exception to this is that we sometimes make reference to well-known visualization techniques (e.g., treemap, Venn diagram, Sankey diagram) without describing them in detail. Readers who are not familiar with these techniques can easily look them up elsewhere. Chapters 2-4 are intended to provide a general introduction and overview of the state of the field, notable contributions, and fundamental concepts. While novices would likely benefit from doing some external reading, these chapters should provide enough general background to prepare readers for the remainder of the book. Finally, we expect that this book can be used by advanced researchers and practitioners, as well as by students. It could certainly be used as a component of a university course at all levels.
APPROACH, SCOPE, AND INTENDED USE
In this book, we approach the issue of visualization design at a general, conceptual level. This approach is different from many existing contributions that aim to give specific design prescriptions and/or technical guidance. Such guidance is usually focused on how to work with specific types of data, how to use visualization libraries or toolkits, and other implementation-related issues. This
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is not our goal. This book also does not comprehensively address perceptual and cognitive issues, user tasks and activities, interaction patterns and techniques, or specific visualization techniques. Although we do discuss these issues to an extent, they are beyond the scope of that with which we are concerned here; for those, there are plenty of existing resources to which readers can refer. One of the main motivators for writing this book is that much of the existing work has focused on these aforementioned issues, and not many researchers have attempted to deal with more general, conceptual and theoretical issues of visualization design. This is especially true when it come to issues related to design thinking-i.e., the cognitive activities in which designers engage, and the conceptual tools that are used while engaging in a design activity. In this book, we focus largely on conceptual tools and design thinking in the context of interactive visualization. This book is intended to support and promote systematic, coherent design thinking at an abstract level. In other words, this book should provide a conceptual framework that can help to organize a designer's thoughts and lead to principled design decisions. This will be discussed further in the following chapters.
In this book we are concerned with the process of designing visual representations. In the literature, the term visualization is used with many different underlying meanings. For example, sometimes it is used to refer to a whole tool or application; sometimes it used to refer to the process of visual encoding (i.e., visualizing), including data cleaning, transformation, and so on; and sometimes it is used to refer to the visual form (i.e., visual representation) at the visual interface. Here, we do not discuss issues pertaining to gathering data, cleaning it, mining it, and so on.
STRUCTURE
In Chapter 2 we provide relevant background information to situate the reader before presenting the visualization design framework. We present a brief overview of notable contributions to the field of visualization design. We also briefly compare our proposed framework to existing contributions. We revisit the notion of a science of visualization, discuss some differences between science and design, and briefly address the issue of design creativity in the context of such a science. We identify some issues with common terminology, examine the idea of design patterns, and discuss the role of frameworks and other forms of support in design. In Chapter 3 we introduce foundational concepts of the proposed framework. We introduce a number of conceptual "tools" that can help with systematic thinking about a number of issues related to visualization design. These include systems theory as a conceptual lens through which visualization design can be viewed; information space and representation space as spatial metaphors in design thinking; encoding and representation; levels of abstraction; visualization techniques; and visual structures, marks, and variables. These conceptual "tools" are intended to support design thinking in a general, coherent, systematic fashion. In Chapter 4 we present the 14 patterns of the pattern language. Each pattern is characterized and examined, and some simple examples of instantiations are given. In this chapter, we present only the building blocks (or letters, to use the metaphor from above) of the pattern language-i.e., the patterns themselves. In Chapter 5, we expand and develop further our pattern language, describe its simple syntax, and discuss how different patterns can be blended together to give rise to elaborate representations. In Chapter 6 we discuss relevant issues pertaining to human-information interaction. We examine activities, tasks, and interactions in the context of complex cognitive activities. We also briefly discuss interaction design, and present some considerations for designing interactive visualizations. In Chapter 7 we present the 4-stage design process. In Chapter 8 we present application of the design framework, where different examples are given to demonstrate the utility of different aspects of the framework in design situations. Finally, in Chapter 9 we briefly discuss and summarize the contributions of the book.
Background
In this chapter we provide some relevant background information to situate the reader before presenting the visualization design framework. In Section 2.1 we provide a brief historical overview of the field of visualization design, identifying some key contributions and commenting on the need for more research in certain areas. In Section 2.2 we compare our proposed framework to existing contributions. In Section 2.3 we revisit the notion of a science of visualization. We discuss some differences between science and design, and also briefly address the issue of design creativity in the context of such a science. In Section 2.4 we identify some issues with common terminology, and also highlight some of the effects of language in design thinking. In Section 2.5 we present the idea of design patterns. Finally, in Section 2.6 we discuss the role of frameworks and other forms of support in design. Although this chapter provides the reader with some background knowledge, by no means does it constitute a comprehensive treatment of visualization-and design-related issues. However, it should suffice to prepare the reader for the framework itself, whose different elements are presented in the following chapters.
NOTABLE CONTRIBUTIONS
The work of the French cartographer Jacques Bertin seems to be the earliest attempt at developing a substantial theory of visualization design. His seminal work, Semiology of Graphics (1967 Graphics ( /1983 , was the most comprehensive in scope, and the most systematic in method, of any contemporary work on visual representations. In his book, he identified and classified a set of eight "visual variables" (size, value, texture, color, orientation, shape, and the two planar dimensions). Bertin considered these visual variables to be the fundamental units of visual communication and the basis of all forms of visual coding. Bertin's work has influenced numerous subsequent researchers, and his notion of visual variables has since been revisited, modified, and/or expanded by others (e.g., Mackinlay, 1986; MacEachren, 1995; Nowell, 1997; Carpendale, 2003; Heer and Bostock, 2010) . Bertin emphasized the "strict" and "necessary" separation between the content (i.e., information or data) and the container (i.e., representational form). Subsequent research has demonstrated that the form of representations has at least as much influence on perception and cognition as does the content (e.g., Larkin and Simon, 1987; Zhang and Norman, 1994 ). Bertin's work influenced others (e.g., Lohse et al., 1994) , who classified diagrams based on structural properties rather than content. Subsequent key contributions were made primarily in the field of statistics by researchers such as John Tukey, Edward Tufte, and William Cleveland. These researchers recognized the po-tential for visual representations to facilitate analysis of statistical data. Tukey, for instance, observed that too much emphasis in statistics was placed on hypothesis testing (confirmatory data analysis), and that more emphasis should be placed on using data to suggest hypotheses to test (exploratory data analysis). Tukey emphasized the use of visualizations for this purpose. He invented the boxplot, and in his book, Exploratory Data Analysis (1977), he emphasized the utility of numerous other "graphical techniques" (e.g., histograms, scatterplots, and probability plots). Next, to promote the study and use of visual representations, was the statistician Edward Tufte. Tufte's first book, The Visual Display of Quantitative Information (1983), provided a practical theory of data graphics with a focus on quantitative statistical data. He developed principles for "graphical excellence" concerning clarity, precision, and efficiency, and for "graphical integrity" concerning context, proportionality, distortion, and others. He also took great strides to uncover much of the existing bad practice, and suggested guidelines for redesigning many common problematic design choices. His subsequent works (1990, 1997, 2006) have become broader in scope, expanding beyond statistical data to include all types of information. His focus has consistently been on principles for design of static representations (such as those concerning micro/macro readings, layering and separation, data-ink ratio), and on developing and promoting visualization techniques for static media (e.g., sparklines and small multiples).
Around the same time that Tufte's first book was published, Cleveland and McGill (Cleveland, 1985; Cleveland and McGill, 1984) observed the unscientific approach to the design of statistical representations of the time, stating "graph design for data analysis and presentation is largely unscientific" (Cleveland and McGill, 1984, p. 1) . To establish "a few steps" toward a "scientific foundation" for representation design, Cleveland and McGill (1984) identified and described 10 elementary perceptual tasks that are used to extract quantitative information, such as direction, angle, volume, and shading, from visual representations. They performed a series of experiments to identify aspects of visualizations that helped or hindered accurate decoding of quantitative data (see Cleveland and McGill, 1984; 1986) . Their work was generally concerned with methods for communicating statistical data (e.g., logarithms, residuals, distributions) with visualizations, and on the implications of representational features for perceptual tasks. While Cleveland and McGill focused specifically on quantitative information, Mackinlay (1986) extended their task ranking to account for non-quantitative information as well, many of whose visualizations lend themselves to different perceptual tasks. Mackinlay proposed a ranking of the accuracy of perceptual tasks with respect to encoding three different types of data-quantitative, ordinal, and categorical. As a result of this work, a number of design guidelines for matching variable properties of visual representations (also called visual variables) to different types of data were developed. Design considerations based on perceptual tasks will be discussed further in Section 3.7.
In the realm of cartography, MacEachren's book, How Maps Work (1995), provides a comprehensive account of a number of important issues in cartographic research and design. He draws from and integrates research from a variety of disciplines "to build an understanding of how maps are seen that can serve as a framework for research on and guidelines for map symbolization and design" (p. 147). His book combines research on perception and cognition with a semiotic approach to visual representations for cartography. He examines issues such as Gestalt grouping principles, selective attention theory, visual search models, perceptual categorization, and depth perception. MacEachren also provides a good discussion of semiotic concepts related to cartography, and builds on Bertin's visual variables.
There are a number of other notable contributions that are perhaps not fundamental, but are still highly relevant and useful. One is Harris's book, Information Graphics (1999), in which he identifies and characterizes over 3,000 different visualization techniques. Although he does not attempt to identify fundamental patterns or principles, his book still serves as a valuable reference for information graphics. With respect to visual perception and visualization design, Ware's books (2008, 2012) are probably the most comprehensive references. He covers a considerable number of issues in perceptual psychology, and also provides many guidelines and principles for visualization design based on an understanding of visual perception. For example, his books address, among others, the following issues: visual narrative, depth perception, color theory, mental imagery, visual pathways, motion, affordances, 3D objects, visual semiotics, visual salience, and Gestalt laws. Engelhardt (2002 Engelhardt ( , 2006 has developed a framework for analyzing the syntax and meaning of various visualizations. His focus is on the "internal structure of graphics" and their syntactic principles. He integrates several aspects of visualizations into his framework, including structural and semiotic considerations. Wilkinson's book, The Grammar of Graphics (1999) , presented a new, object-oriented way of thinking about quantitative, statistical graphics. He uses a grammar metaphor to provide a way of thinking about statistical graphics, including a discussion of their syntax and semantics. His book also provides a set of grammatical rules for creating visualizations of quantitative information. Table 2 .1 provides a brief summary of the aforementioned contributions. Bertin (1967 Bertin ( /1983 One of the earliest attempts to provide a systematic, theoretical basis for visualizations Tukey (1977) Founder of exploratory data analysis using visualizations Tufte (1983, 1990, 1997, 2006) Proposed a practical theory for representing quantitative data and provided general principles and best practices for design and evaluation of visualizations Cleveland and McGill (1984); Cleveland (1985) Identified, suggested an ordering of, and conducted experiments pertaining to elementary perceptual tasks performed during extraction of quantitative information Mackinlay (1986) Extended work of Cleveland and McGill by adding rankings of visual variables for non-quantitative information Lohse et al. (1994) Performed a study investigating how people classify visualizations into hierarchically structured categories, and proposed a structural classification of visualizations MacEachren (1995) Combined research regarding perception and cognition with a semiotic approach to visualization for cartography Harris (1999) Developed a comprehensive taxonomy of information graphics for operational purposes Wilkinson (1999) Provided a formal framework for developing statistical graphics using an object-oriented grammar Engelhardt (2002, 2006) Identified various syntactic principles of visualizations and proposed a set of "building" blocks for constructing graphic spaces and objects Ware (2008, 2012) Developed a comprehensive collection of design considerations for visual perception
BRIEF COMMENTARY
During the latter half of the 20th century, many people did not take visualizations seriously as tools for effective communication of information. For example, visualizations were not thought of as useful for serious data analysis, and there was a prevailing assumption that they were "mainly devices for showing the obvious to the ignorant" (Tufte, 1983, p. 53) . The work of early researchers such as Bertin, Tukey, Tufte, and Cleveland made great strides in legitimizing the use of visual representations for serious scientific work. Moreover, their work has served as a valuable foundation for much of the subsequent research in information visualization, information graphics, information design, and other related fields. That being said, although the aforementioned contributions are indeed valuable, they are not enough to form a coherent theoretical bases for a mature science of visualizations. In seeming agreement, after commenting on such aforementioned research, Thomas and Cook (2005) posit that "Although these design spaces and taxonomies are very promising, we are far from having a complete, formally developed theory of visual representations" (p. 71). A number of areas that require further work may be identified. The first is in regard to the current terminology-e.g., terms such as map, diagram, chart, and so on, are not very precise, and are often not used consistently in existing literature (see Section 2.4 for more discussion of this issue). Second, much of the focus has been on identifying and examining various phenomena (e.g., perceptual issues, encoding techniques, heuristics for best practice) and not on identifying underly-ing patterns and integrating them into more comprehensive and general theories and frameworks. Third, most of the early research in this area was concerned with static visualizations. Although many of the findings and developments are still applicable to dynamic and/or interactive visualizations, research that accounts for novel features of interactive media is required. For instance, consider prescriptions from Tufte such as showing the viewer "the greatest number of ideas, in the shortest time, using the least amount of ink, in the smallest space" (Tufte, 1983) ; "enriching the density of data displays [is one of ] the essential tasks of information design" (Tufte, 1990, p. 33); and "visual displays rich with data are … frequently optimal … the more relevant information within eyespan, the better" (ibid., 50). Certainly this is valuable advice for visualization design with static media. With interactive media, however, such prescriptive guidelines may be less than ideal and may even be inappropriate. For example, in the context of performing a complex activity with an interactive visualization tool, it may be best to initially encode only a small subset of the data, and allow the user to gradually explore more of the space at his or her own pace. This is especially true in the context of working with big data and large information spaces. Furthermore, depending on the stage of a user's overall activity, different degrees of density of the same visual representation may be appropriate. In other words, contrary to Tufte's advice, the highest density is not always optimal; flexible, human-centered tools should give users the ability to adjust the density and other properties of visualizations to suit their needs and preferences (see Parsons and Sedig, 2013b) . Fourth, most early research was focused on supporting relatively simple tasks, such as identifying trends and outliers in a dataset, and was not performed in the context of today's sophisticated interactive interfaces that can support complex cognitive tasks and multi-layered human-information discourse. With today's interactive tools, analysts, for example, are not simply encoding datasets to find trends and outliers; rather, they are often engaged in activities that require a complex discourse with the underlying information-processing it, performing analytical operations, and carrying out other tasks that involve a sustained, coordinated partnership with the tool. Thus, as the aforementioned points demonstrate, the work of these early researchers can form part of the foundation of a science of visual representations, but other complementary work that addresses the above issues is required.
COMPARISON OF THIS BOOK TO EXISTING WORK
Some previous contributions to visualization design have focused on devising a language or a grammar of visualizations. For example, Wilkinson (1999) has developed what he calls The Grammar of Graphics. In this seminal work, he presents an object-oriented way of thinking about graphics, a language for describing graphics, and a set of rules for generating graphics. The scope of the work is not general, however, and is limited to quantitative graphics. He first defines a graph as a set of points-in the geometrical sense, being theoretical and having no dimensionality-and then defines a graphic as a physical representation of a graph. Based on these definitions, visual-ization techniques can be described using the main concepts of his language-e.g., graph, graphic, frame, variable, point, line, shape, and scale. For example, a scatterplot can be described as a "point graphic embedded in a frame," and a bar chart can be described as an "interval graphic bound to an aggregation function embedded in a frame." While constituting an influential foundation for creating quantitative graphics, and influencing the development of other work such as the visualization grammar Vega (Vega, 2013) There are a few essential differences between such previous contributions and our proposed framework. First, our framework is general, dealing with all types of visualizations and all types of information. Second, we are interested in supporting design thinking in the context of mapping information to visual representations. Previous contributions are often more focused on the visualizations themselves-including the rules for generating them and deconstructing them-and not on the conceptual tools that can be used by designers to systematically analyze an information space and think about how to visually represent the information. Third, our framework deals with very basic patterns for mapping information. As a result, it does not deal with design rules or prescriptions. At the level of very basic patterns, such as the ones we are proposing, it does not make sense to provide design rules or prescriptions (this will be discussed in more detail in later chapters). Fourth, we do not attempt to classify existing visualizations, as others (e.g., Harris, 1999; Lohse et al., 1994; Engelhardt, 2002) have done. We are focused more on helping designers generate new visualizations rather than on classifying existing ones. Fifth, we are fundamentally concerned with supporting design in interactive contexts. Previous contributions that focus on visualizations themselves, rather than the process of creating visualizations, often ignore the epistemic role and integration of interaction in visualization design. Finally, the sixth main difference is that our framework is not primarily intended to help designers create simple visualizations of single datasets-e.g., creating a scatterplot of a dataset containing the weight and height measurements of a group of people. Existing contributions already support this type of design. Our framework is most useful in helping designers systematically conceptualize non-simple (e.g., large, complex, dynamic, heterogeneous) information spaces, think about the tasks and activities of users, generate a multiplicity of relevant and potentially complex visualizations, and integrate a variety of interactions into their final visualization designs.
It is worth noting that, although the field of visualization design lacks a grand unifying theory, there is a well-established consensus on how designers can construct visualizations by mapping data points to visual primitives, as evidenced by well-known software tools and libraries such as D3 (Bostock et al., 2011), Lyra (Satyanaran and Heer, 2014) , Protovis (Bostock and Heer, 2009), Tableau (Stolte et al., 2002) , and ggplot2 (Wickham, 2009 ). Although such contributions are highly useful for implementation, and have helped to make visualization accessible to a wide audience, they are not conceptual frameworks that support thinking about visualization design in a comprehensive, coherent manner. Satyanaran and Heer (2014) note that systems making default decisions that limit control over visual design parameters, such as ggplot2 and Tableau, do not provide good support for developing novel visualizations. We are interested here in supporting creative design thinking-in helping designers generate novel visualizations in a systematic way. Our framework has no pre-defined palette of chart types; rather, it is intended to support the creation of a limitless number of novel visualizations. Furthermore, we are concerned with situations in which a designer has to choose how information should be visualized and presented, and not with situations in which the designer is simply implementing something that is already specified. Our framework has not been devised to compete with existing contributions that serve specific functions-such as describing a language for generating statistical graphics-nor is it meant to directly support implementation, as the aforementioned software tools and libraries do. Designers can use our framework to think about and plan their visualization designs, and then use a software library such as D3 to implement them.
As the reader progresses through the book, the differences between our work and others should become apparent. However, to summarize here, we can say that there is a gap in the field when it comes to supporting visualization design in a general manner-i.e., visualization design that transcends specific domains and specific types of data and information. This includes a lack of conceptual frameworks that can support systematic thinking about visualization design in a general manner, especially in complex contexts where interactive visualizations are needed to support users' tasks and activities. We have devised this framework to help bridge this gap and to stimulate further research in this area.
SCIENCE OF VISUALIZATION
There is a long history in the field of design research concerning the role of logic and method in design (see Alexander, 1964 , Cross, 1981 , 2011 Gedenryd, 1998; Stolterman, 2008) . During the middle of the 20th century, there was a concentrated movement to make design more "scientific." Influenced by the obvious successes of the modern scientific method, especially as it led to rapid advances in engineering disciplines, design researchers increasingly searched for a design method that was similarly rational and based on objective grounds. While interest lasted for a small number of years, it later gave way to a more dichotomous attitude about the nature of science and design, resulting in a general consensus that a design method akin to the scientific method simply would not work (Gedenryd, 1998) . Soon after, many original proponents of the movement completely rejected its underlying methodology, asserting that design is fundamentally a different enterprise from that of science. As design theorist Nigel Cross notes, designers and scientists have radically different goals: "unlike the scientist, who searches for many cases to substantiate a rule, and then one case to falsify it, the designer can be gratified in being able to produce just one satisfactory case that gives an appropriate result" (Cross, 2011, p. 28) . Or, as Nelson and Stolterman (2012) note, the design process moves from universal, general, and even particular, toward the ultimate particular-a specific, contextually fit design outcome. This is in opposition to the scientific process, which moves toward the general, abstract, and universal. Asserting a fundamental distinction between the methods of science and design does not, however, remove the possibility of incorporating a scientific (i.e., systematic, disciplined, and consistent) attitude into the design process.
As mentioned briefly in Chapter 1, a number of researchers have proposed and/or discussed the notion of a science of visualization. While we do not attempt to conclusively deal with this issue, we briefly address it here. The term science is commonly used to refer to a body of accumulated information (or facts, knowledge, hypotheses, theories, and so on). In addition, it is commonly used to refer to a process, method, or way of thinking. Indeed, many eminent scientists have emphasized the latter meaning over the former (e.g., Sagan, 1990; Einstein, 1954; Bohm and Peat, 1987) . We previously stated that this book can contribute to, and encourage more investigation and discussion of, a science of visualization. In this sense, we are thinking of the term science primarily in its second meaning-that is, a systematic, coherent way of thinking about something-in this case, visualization design. Thus we are not suggesting something akin to a natural science, nor are we naïvely proposing a scientific method of design, which has been so strongly rejected by most design researchers. Rather, we are providing a conceptual framework that is meant to enable a more scientific approach to the study and design of visualizations. We attempt to address fundamental aspects of how we can visually organize and represent information to support systematic, principled design. This book simply constitutes one possible contribution to such a science, as there are many other issues to be addressed that are not dealt with in this book. We thus anticipate that this book can serve as a component of a comprehensive, coherent "science" of visualization that will likely form more fully in the future.
Although the focus here is on a systematic approach to the design of visualizations, it should not be assumed that design creativity is precluded. A set of design patterns, such as the one being proposed here, acts as a conceptual framework that can give some structure to the design process, while still allowing for creativity at the level of implementation. In other words, a set of patterns provides a framework upon which any design can be anchored, but the patterns do not determine the specifics of the design. On the one hand, the constraints the patterns impose eliminate a large number of possibilities, but, on the other, still allow an infinite number of detailed designs. The narrowing of possibilities is, after all, an essential part of a practical design method (Salingaros, 2000) . It is a common assumption that creative thinking occurs solely in the head. However, recent research in cognitive science indicates otherwise. Studies have suggested that external artifacts are in fact fundamental components of creative thought (see Kirsh, 2014) . Design frameworks are one such type of external artifact that can support creative thinking in design.
Research shows that expert designers tend to start with abstract conceptualizations-rather than concrete solutions-to solve design problems (Cross, 2004) . In addition, studies in psychology clearly show that a number of cognitive biases affect memory and decision making-an issue that is certainly a factor in making design decisions. For example, the availability heuristic (Tversky and Kahneman, 1973)-a type of mental shortcut that favors items that are more easily recalled from memory-can lead designers to call to mind techniques that are most well-known or recently encountered. This is not inherently problematic, but can be a limiting factor for creativity and innovation in the design of visualizations. It is very difficult for designers to start with a "blank slate" and not be influenced by previously encountered designs. Indeed, developing design ideas based on previous solutions-even if the solutions were very successful-can inevitably bias thinking and constrain it to the existing known solution space (Kirsh, 2014) . With our framework, we intend to help designers generate novel visualizations by starting from abstract conceptualizations, and gradually moving to concrete solutions-all the while allowing for creativity in multiple stages of the design process.
COMMON TERMINOLOGY
Every discipline has a set of terms that are used to label relevant concepts. Having a common and accurate terminology (i.e., a system of specialized terms) can facilitate clear thinking about the relationship between terms and the concepts that they represent (Cabré, 1999) . This can, in turn, promote effective communication between researchers in a discipline (Salustri and Rogers, 2008) . Visualization design is a relatively young field, and involves researchers from numerous disciplines, including, among others, graphic design, statistics, cognitive and perceptual psychology, information science, cartography, and computer science. As a result, the numerous terms that are used to refer to concepts, as well as their interpretations, are not consistent. Consider the definitions for some of the following commonly used words, taken from the Oxford English Dictionary:
• Diagram: "a simplified drawing showing the appearance, structure, or workings of something; a schematic representation"
• Graph: "a diagram showing the relation between variable quantities..."
• Chart: "a sheet of information in the form of a table, graph, or diagram"
• Plot: "a graph showing the relation between two variables...a diagram, chart, or map"
• Map: "a diagrammatic representation of an area of land or sea showing physical features, cities, roads, etc."
The circularity and general lack of accuracy these definitions exhibit can be a problem. These terms have their genesis in times when there was no need for precision and rigor surrounding the discussion of visualizations. Consider the etymology of a few of these words: chart comes from the Greek khartēs, meaning papyrus, or book; graph comes from the Greek graphikos, meaning "writing or drawing"; diagram comes from the Greek diagramma, meaning "marked out in lines"; map comes from the Latin mappa mundi, meaning "sheet of the world." While these terms are fine for everyday colloquial usage, for academic research and for design discourse, more accuracy should be demanded. It is worthy to note that since the use of these terms has become so widespread, constructing new definitions for them is unlikely to be successful.
One of the desirable characteristics of a set of terms for any discipline is an avoidance of-or at least a controlled use of-synonymy (Cabré, 2003) . Based on the definitions given above, the existence of synonymy is an evident problem. Consider the two visualizations displayed in Figure  2 .1. Each one of these is referred to as a diagram (from L to R: Venn diagram, Sankey diagram). We can ask the following question: what does the term diagram say about these visualizations-about their similar characteristics and how they organize and communicate information? The answer is unsurprisingly: nothing substantive. Similar problems are encountered with the other terms mentioned above. Although most people do not see those terms as completely synonymous-e.g., maps typically represent relations of things in some (often geographic) space; plots often employ axes and represent relationships between variables in a dataset; and so on-their distinguishing features are often somewhat ambiguous. Perhaps the definition and everyday usage of these terms cannot be changed-which is not likely problematic. It is in the context of visualization design research and discourse where this synonymy can become a problem. We need to consider the terms that we use while thinking about how to generate a visualization. After all, the language that we use profoundly affects the way we think (Boroditsky, 2001; Levinson, 2003) . As we will discuss in the next section, the use of patterns in design can help to alleviate this problem by providing a shared vocabulary and supporting abstract thinking. Our patterns are not meant to replace names used for common visualizations. Rather, they are meant to function as well-characterized, unambiguous terms that can be used in design thinking and communication. When used in the conceptual phase of design, they become a handful of "tools for thought" that can bootstrap the design process, enable creativity, and serve a generative function in design thinking, without relying on terms that may engender preconceived notions.
DESIGN PATTERNS
specifics to focus on general commonalities (Schmidt, 1995) . In the context of visualization design, Elmqvist and Yi (2015) note that patterns-by capturing tested experience-can act as scaffolds for non-experts, effectively bootstrapping their design and evaluation activities. Although referred to as design patterns, patterns can also be useful for evaluation. Lanzilotti et al. (2011) conducted a study that compared pattern-based evaluation of e-learning systems to heuristic evaluation and user testing. The authors determined that using patterns for evaluation helped to reduce reliance on individual skills, increased inter-rater reliability and output standardization, permitted the discovery of a larger set of problems, and decreased evaluation costs. In addition, they noted that the common terminology that a pattern language promotes can make evaluation reports more consistent and easier to compare, and can enforce standardization and uniformity in evaluation. Elmqvist and Yi (2015) have proposed a set of patterns for evaluating visualizations. They note that it is especially difficult to evaluate visualization systems, and that one way to address this difficulty is to make use of evaluation patterns. They identify 20 patterns, which are general and reusable solutions to commonly occurring problems. Although the utility of design patterns is widely acknowledged, not all patterns are equally as strong or as valid. In the context of human-computer interaction patterns, Dearden and Finlay (2006) have suggested that a weakness in many design patterns is their dependence on "particular and current user interface paradigm [s] ," and that patterns should "embody a timeless quality, presenting a solution that is applicable regardless of particular platform or current technology" (p. 18, italics added). In order for patterns to be useful, they must be presented at a meaningful level of abstraction; patterns that are too abstract are of no use, and patterns that are too concrete do not generalize well beyond specific contexts (Dearden and Finlay, 2006) . In addition, because they are not tied too closely to particular phenomena, patterns at basic levels of abstraction are more robust over time (Bayle et al., 1998 ).
DESIGN FRAMEWORKS
All design activity is mediated by the mind of a designer. Consequently, any design is influenced by the mental structures (schemas, representations, models, concepts) that the designer has. The outcome of a design activity is the result of an interplay among a number of elements, including the mental structures of the designer, the characteristics of the problem at hand, and the tools at the designer's disposal. A design framework is one such tool, which can guide the design process and help to organize relevant concepts in the design space. Based on the work of a number of design researchers (e.g., Schön, 1983; Krippendorff, 2006 ), Stolterman (2008 suggests that designers appreciate and are inclined to use four forms of design support: (i) precise and simple tools or techniques (e.g., prototypes); (ii) frameworks that do not prescribe but that support reflection and decision-making (e.g., design patterns); (iii) individual concepts that are intriguing and open for in-terpretation and reflection on how they can be used (e.g., affordance); and (iv) high-level theoretical and/or philosophical ideas and approaches that expand design thinking, but do not prescribe design action (e.g., human-centered design). Forms ii and iv are most relevant for the discussion here. Perhaps they are found to be useful because they do not impose rigid constraints on the design process by prescribing specific low-level actions and procedures. Rather, they can serve a generative role in design thinking, can act as "tools" to support thinking, can aid in reflection, and can help designers be creative. Let us examine some research in design studies to help shed light on this issue. Multiple studies have demonstrated that designers tend to hold onto their original ideas even in the face of obvious major shortcomings, and even when made aware of the existence of other, better solutions (Ball et al., 1994; Cross, 2004; Rowe, 1987; Ullman et al., 1988) . Because there is a tendency to be attached to original ideas, using a framework to support systematic, critical thinking about a design may help to disrupt or remove the attachment. Research shows that one characteristic of expert designers is metacognitive awareness and control during a design activity (Kavakli and Gero, 2002) . In other words, good design should be conscious and reflective-a good designer should reflect on how the situation has been framed and what strategies are being employed, so that they are explicated and examined (Schön, 1983) . Various studies have shown that successful, experienced designers are proactive in this regard (Cross, 2004) . Considering that research demonstrates the need for reflection in design, it makes sense that designers tend to appreciate and use frameworks that can support reflection.
Another explanation for the appreciation of these forms of design support is related to cognitive limitations of designers. Studies have shown that if the cognitive cost of engaging in a systematic, principled design process becomes too high, designers may abandon the process and favor more opportunistic, ad hoc solutions (Guindon, 1990; Visser, 1990) . Thus, while designers appreciate and use forms of design support, such support should not impose a high cognitive cost. One contributing factor seems to be the number of options or possibilities that are made available to the designer as part of the support (e.g., framework or catalog). Fricke (1996) found that if options are too few, designers can become fixated on concrete solutions. Alternatively, when the options are too many, designers spend too much time trying to organize the abstract space of possibilities (ibid.). Although no specific number can be given to satisfy all cases, some studies have suggested that a relatively limited number of items may be best (Cross, 2004) .
This book is intended to support design according to forms ii, iii, and iv mentioned above. The contents of the book constitute a framework that can support reflective thinking and decision-making regarding visualization design. A number of concepts (e.g., patterns, blendings, systems theory), which are presented in novel ways, can also be used to support creative design thinking. Furthermore, the number of basic patterns in our framework-14 in total-that allow designers to create countless visualizations, are neither too few nor too many. Finally, a number of the sections of this book are concerned with theoretical and philosophical aspects of visualization design, and can help designers think about visualization design in new ways. It should be noted that the existence of any form of design support, no matter how good, does not guarantee success in design. There are many considerations that go into design in general, and visualization design in particular, besides what can be captured in a single concept, framework, or theory.
